We evaluated the association between weight change in middle-aged adults and papillary thyroid cancer (PTC) based on a largescale case-control study.
INTRODUCTION
T he thyroid cancer incidence rate has increased markedly throughout the world in recent years, and most of that increase is accounted for by papillary thyroid cancer (PTC). 1 Although the increased incidence of small-sized thyroid cancers may be related to medical practices and diagnostic imaging factors, increases in the incidence of large and advanced-stage tumors may be related to lifestyle and environmental factors. 2, 3 A parallel increase in the incidence of obesity has been associated with the increase in thyroid cancer; 4 however, evidence to support this connection is limited. One previous study's results indicated that adult weight changes can contribute to the development of thyroid cancer, 5 while another study reported no such association. 6 The body mass index (BMI) at a certain age has been used as an indicator of obesity, and weight gain during adulthood reflects an accumulation of body fat. 7 Because early and marked weight gain in young and middle-aged adults has been associated with a high risk of obesity-related diseases across all BMI categories, 8 weight gain can be a specific surrogate marker of obesity, which can contribute to cancer development. Weight gain during adulthood has been linked to unfavorable fat distribution, reduced metabolic efficiency, and an increased risk of adiposity-related cancers. 6 Under the assumption that maintaining a healthy weight through mid-life can be important for PTC prevention, increases in weight or BMI over the long term should considered when assessing PTC risk.
To investigate the association between weight change in middle-aged adults and PTC risk, we assessed the data obtained by the Thyroid Cancer Longitudinal Study (T-CALOS) undertaken in Korea. 9 In our subjects, annual average changes in weight and obesity indicators (BMI, body surface area (BSA), and body fat percentage (BF%)) after the age of 35 years were examined as predictors of the total PTC incidence and the incidence of PTC with a tumor size !1 cm. Additionally, we performed subgroup analyses to assess potential effect modifiers such as age, menopausal status, BMI at enrollment, and exercise status.
METHODS

Study Subjects
The cases in our study (T-CALOS) included thyroid cancer patients who had undergone thyroidectomy at the Seoul National University Hospital (SNUH), Seoul National University Bundang Hospital (SNUBH), and National Medical Center (NMC) between 2010 and 2013. The 3 hospitals are general hospitals, and the subjects came from regions throughout the country. Our study initially enrolled 1576 patients with histologically confirmed PTC. However, because of missing body size and weight history data, 25 PTC patients were excluded. Thus, 1551 subjects (300 men and 1251 women) were included in our PTC case group. For our subgroup analysis of thyroid tumor diameter (<1 cm vs. !1 cm), 15 subjects without tumor size information were excluded. For our assessment of clinicopathological characteristics in men and women, PTC patients without information on lymph node metastasis (n ¼ 116), TNM stage (n ¼ 132), multifocality (n ¼ 25), BRAF (V600E) mutation (n ¼ 248), and chronic lymphocytic thyroiditis (n ¼ 385) were excluded. The control group data were obtained from the Korean Health Examinees study (HEXA), a subset of subjects within the ongoing Korean Genome and Epidemiology Study. 10 The HEXA enrolled subjects from at least 20 centers throughout the country in an effort to obtain a sample of the general population of Koreans aged between 40 and 70 years who participate in the national health screening program; thus, the source population of HEXA is the same as that of T-CALOS.
The principal protocols of T-CALOS and HEXA had the same design as followings: the standardized protocol for both T-CALOS and HEXA at enrollment included informed consent; an interview-based core questionnaire including demographic factors, medical history, lifestyle, dietary factors; and the collection of biospecimens, such as blood and urine. In addition to the principal protocol, the thyroid cancer patients underwent interviews to provide additional information, including their history of exposure to radiation and environmental toxicants. A further detailed description of the study (T-CALOS) was published previously. 9 From the 173,422 HEXA subjects, we selected subjects without a history of thyroid disease (n ¼ 156,844). Subjects without a weight history were excluded, leaving 124,297 subjects as potential control group members. After applying the greedy matching algorithm of the GMATCH macro for SAS software, 11 we individually matched control subjects at a 1:10 ratio (3000 men and 12,510 women), based on age at enrollment and sex.
Data Collection
Current weight (kg) and height (m) were measured at enrollment, and the subjects' self-reported weight at the age of 35 years was recorded. We aimed to define intuitive and meaningful cut-off values for annual average changes in obesity-related indicators in addition to a statistically significant threshold for the outcomes. Among the total subject group, we found the value of 0.8 kg/yr for the highest quartile of annual average weight change. The number was rounded to yield the cutoff, 1 kg/yr in decreased or increased weight, and was doubled to yield the highest cutoff value, 2 kg/yr. Weight changes since the age of 35 years were classified into one of the 4 groups (weight loss of 5 kg or more; stable weight, with changes of less than 5 kg; weight gain between 5.0 kg and 9.9 kg; and weight gain of 10 kg or more). Because older subjects may exhibit greater weight changes than younger subjects, age at enrollment may influence the total absolute weight difference; therefore, we calculated each subject's annual average weight change by dividing the total weight change by the difference between the age at enrollment and 35 years. This has been interpreted as reflecting a subject's weight trajectory after the age of 35 years. 12, 13 Annual average weight changes were classified into 4 groups (decreased weight of 1.0 kg/yr or more; stable weight, with changes of less than 1.0 kg/yr, increased weight between 1.0 kg/yr and 1.9 kg/yr; and increased weight of 2.0 kg/yr or more).
Each subject's BMI (kg/m 2 ) was calculated by dividing weight by height squared, while the BSA (m 2 ) was calculated using the equation: 0.007184 Â height (cm) 0.725 Â weight (kg) 0.425 . 14, 15 Body fat percentage (BF%) was calculated using the equation: (1.20 Â BMI) þ (0.23 Â age) À (10.8 Â sex (1 for men and 0 for women)) À 5.40. 16 These prediction formulas for BSA and BF were validated for effective physiological parameters in general [16] [17] [18] [19] [20] and specifically in Koreans. 21, 22 Under the assumption that middle-aged adult height is maintained, height at enrollment was used to calculate the BMI, BSA, and BF% at age 35 years. For each of these obesity indicators (BMI, BSA, and BF%), we calculated annual average changes using the following equation: obesity indicator value at enrollment À obesity indicator value at age 35 years)/difference between enrollment age and age 35 years. For the annual average BMI change, the subjects were assigned to one of the 4 groups (a decrease in BMI of 0.1 kg/m /yr or more), as were the annual average BF% changes (a decrease in BF% of 0.1% per year or more; a stable BF%, with changes of less than 0.1% per year; an increase in BF% of between 0.1% per year and 0.2% per year; and an increase in BF% of 0.3% per year or more). We defined the cutoffs for the 3 indicators, the annual average change in BMI, BSA, and BF%; however, we used the median value to ensure a minimum of 5 subjects and the statistical power of the study. For our analysis of the associations between these indicators and the PTC incidence, the group with a stable average annual change (changed <0.1 kg/m 2 /yr for BMI; changed <0.005 m 2 /yr for BSA; and changed <0.1% per year for BF%) was used as the reference group.
A standardized questionnaire with items on demographic, environmental, lifestyle, and health-related factors was used to collect comprehensive epidemiologic data for our analysis of possible confounding factors. The variables assessed were age, sex, education (high-school graduation: yes or no), marital status (single or married), regular exercise (yes or no), smoking (400 cigarettes during lifetime: yes or no), drinking alcohol (yes or no), history of chronic disease (ever diagnosed with diabetes, hypertension, or dyslipidemia by a medical doctor), pregnancy (ever or never), and menopausal status (pre-or postmenopausal). To assess the clinicopathological characteristics of the PTC patients, we used data from the subjects' medical charts including histological type, age at thyroidectomy, tumor size, lymph node metastasis, tumor multifocality, BRAF mutation, and chronic lymphocytic thyroiditis. Thyroid tumor staging was based on the American Joint Committee on Cancer/Union Internationale Contre le Cancer TNM Classification of Malignant Tumours (TNM) criteria (7th Edition, 2009). Genetic testing, fasting blood sample collection, deoxyribonucleic acid (DNA) extraction, and BRAF (V600E) mutation analysis were conducted as previously described.
9,23
Statistical Analysis
The general and clinicopathological characteristics of the subjects are summarized as the means and standard deviations (SDs) for continuous variables and as percentages (%) for categorical variables. The differences between men and women were tested using Student t or x 2 tests. Conditional logistic regression was used to estimate the odds ratios (ORs) and 95% confidence intervals (CIs) of the PTC risk associated with body size at enrollment, total weight change, and annual average change in each of the obesity indicators. The ORs were calculated with both unadjusted and multivariable-adjusted models, and the models' estimates and trends were consistent. The variables for model adjustment included education level (high-school graduation: yes, no, or unknown), marital status (single, married, or unknown), regular exercise (yes, no, or unknown), history of chronic diseases (diabetes, hypertension, and dyslipidemia), and ever pregnant (yes, no, or unknown). Probability trends were calculated for category-based scores by assigning the category as a continuous variable. Stratified analyses were conducted by age, sex, BMI at age 35 years, menopausal status, and regular exercise status. To reduce the possibility of distorted effects from PTC that existed prior to a weight change, all analyses were conducted after excluding patients who were diagnosed before the age of 40 years, considering a latent PTC development period of 5 years. We calculated the P values for heterogeneity to test ORs in stratified groups. The P values for interaction were derived from multiplicative interaction using a cross-product term for each obesity indicator and the menopausal status in logistic regression models. The P values presented are 2 tailed, and a P < 0.05 was considered statistically significant. All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
Ethical Review
The entire data collection process was conducted using standard operating procedures, which followed the Declaration of Helsinki. All subjects signed an informed consent form approved by the Institutional Review Board of the SNUH (IRB; IRB Number: 0809-097-258, 1001-067-307, and 1202-088-398).
RESULTS
General Characteristics
The subjects' mean age at thyroidectomy and enrollment was 51 years (mean (SD): 50.80 (10.01) for men and 50.74 (9.21) for women; P ¼ 0.93). Age group distributions (<45 years, 45-54 years, and !55 years) were consistent for cases and controls (men: 30.67%, 33.00%, and 36.33%; and women 29.66%, 37.65%, and 32.69%, respectively). Compared with the control group, the PTC case group had a higher proportion of subjects with an education level higher than high school graduation (cases vs. controls: 94.33 vs. 81.74% for men and 82.73% vs. 67.31% for women; both P < 0.05; Supplementary Table 1 , http://links.lww.com/MD/A717). Similarly, there was a significantly higher incidence of chronic diseases such as diabetes, hypertension, and dyslipidemia in the case group than in the control group (P < 0.05; Supplementary Table  1 , http://links.lww.com/MD/A717). Among the female subjects, the percentages that reported their marital status (married: 95.04% for cases and 97.25% for controls; P < 0.05), regular exercise status (yes: 41.92% for cases and 49.39% for controls; P < 0.05) and pregnancy status (ever: 93.51% for cases and 96.26% for controls; P < 0.05) are presented in Supplementary  Table 1 , http://links.lww.com/MD/A717. There was no significant difference in ever smoking (men: 74.00% for cases and 73.02% for controls; women: 3.04% for cases and 3.97% for controls), ever drinking alcohol beverages (men: 83.67% for cases and 81.35% for controls; women: 34.13% for cases and 36.37 for controls), and menopausal status (postmenopausal: 52.33% for cases and 49.33% for controls) between the case and control groups (P > 0.10 for all comparisons). Compared with the female PTC patients, the male PTC patients were more likely to exhibit lymph node metastasis, BRAF mutation, chronic lymphocytic thyroiditis, and a higher TNM stage (III or IV; P < 0.05 for all comparisons; Table 1 ).
Association of Obesity Indicators With PTC Risk
The multivariable-adjusted conditional logistic regression model results showed that height and weight at enrollment were significantly associated with PTC incidence ( Table 2 ). The ORs for the association between height and PTC risk were 1.07 (95% CI, 1.04-1.09) for the men and 1.07 (95% CI, 1.06-1.08) for the women. For the weight and PTC risk association, the ORs were 1.03 (95% CI, 1.01-1.04) for the men and 1.01 (95% CI, 1.01-1.02) for the women (table not shown). Compared with subjects who maintained a stable total weight (<5 kg), the ORs for total weight gain since age 35 years in men were 2.01 (95% CI, 1.48-2.74) for those with a total weight gain of 5 to 9.9 kg and 5.39 (95% CI, 3.88-7.49) for those with a total weight gain !10 kg (P trend < 0.01). Similarly, the ORs for total weight gain since age 35 years in women were 1.68 (95% CI, 1.45-1.94) for those with a total weight gain of 5 to 9.9 kg and 3.36 (95% CI, 2.87-3.93) for those with a total weight gain of !10 kg (P trend <0.01), as Table 2 shows. 
Association of Obesity Indicators With Clinicopathological Aggressiveness
When stratified for thyroid tumor size, the effect of an increased annual average BMI (!0.3 kg/m 2 /yr) for patients with large-sized PTC (tumors !1 cm) was greater than the effect for those with a relatively small tumor (tumor size !1 cm, OR, 4.00, 95% CI, 2.91-5.49; tumor size <1 cm, OR, 2.34, 95% CI, 1.92-2.85; P heterogeneity ¼ 0.005; Table 3 ). The results for the annual average change in BSA and BF% were consistent (P heterogeneity <0.01), as Table 3 shows. We also investigated the association between the annual average change in obesity indicators and the PTC risk related to the clinicopathological features of lymph node metastasis, TNM stage, tumor multifocality, BRAF (V600E) mutation, and chronic lymphocytic thyroiditis; however, no significant difference in these associations was detected (data not shown).
Subgroup Analyses by Menopausal Status
In Table 2 , http://links.lww.com/MD/ A717). The magnitude of the association between the annual average change in BMI, BSA and BF% and PTC risk among those aged 50 years or older, the high BMI group (!25 kg/m 2 ), and the group without regular exercise were likely to be greater than the association for the younger age group (<50 years), the low BMI group (<25 kg/m 2 ), and the group with regular exercise based on the P values for interaction (P value <0.05; Supplementary Tables 2, 3 , and 4, http://links.lww.-com/MD/A717). These results were supported by the sensitivity analyses performed after excluding PTC cases diagnosed within 5 years of age 35 years (data not shown).
DISCUSSION
This large-scale, 1:10 matched case-control study included 1551 PTC patients (300 men and 1251 women) and 15,510 healthy subjects (3000 men and 12,510 women). The results suggest that weight change in middle-aged adults is a significant risk factor for PTC risk in both men and women and that the risk is independent of age at PTC diagnosis, BMI at age 35 years, and other potential confounders, including lifestyle and health conditions related to chronic diseases. Compared with those who maintained their weight, the effects of weight and obesity indicators (BMI, BSA, and BF%) on PTC risk were greater in the subgroup with a tumor size greater than 1 cm. Additionally, a significant relationship between increased obesity and PTC risk was indicated in postmenopausal women.
Although obesity has been examined as a risk factor for thyroid cancer to a certain extent, [24] [25] [26] few studies have included results regarding adult weight change over long-term period and PTC development.
5,27-29 While a recent metaanalysis found that each 5-kg increase in adult weight gain was related to various cancers including breast, ovarian, colon, and kidney cancer, 6 the impact of weight change during adulthood on elevated PTC risk has not been elucidated. Kitahara and colleagues assessed whether weight gains of more than 10 kg between the ages of 35 to 50 years could influence PTC development based on the NIH-AARP Diet and Health Study (NIH-AARP study) in the United States; however, the results were not statistically significant (men: hazard ratio (HR) 1.61, 95% CI, 0.91-2.43; women: HR, 0.83, 95% CI, 0.43-1.59). 5 While Kabat et al. 27 also found an insignificant association between weight gains of 50 lbs or more after the age of 18 years and PTC risk (HR, 1.09, 95% CI, 0.53-2.22) based on the Women's Health Initiative (WHI), the results were based on a y Subjects with missing information for tumor size (n ¼ 15), lymph node metastasis (n ¼ 116), TNM stage (n ¼ 132), multifocality (n ¼ 25), BRAF mutation (n ¼ 248), and chronic lymphocytic thyroiditis (n ¼ 385).
z TNM stage was defined by UICC/AJCC staging system. study that included only postmenopausal women. One possible explanation for the insignificant associations in the previous studies is the different age distribution of the subjects. The more pronounced associations in our findings compared with previous results can be explained by our inclusion of younger study subjects (median age: 54 years for the men and 51 years for the women in our study; 63.8 years for men and 63.1 years for women in the NIH-AARP study, 5 and 61.9 years for cases and 63.1 for noncases in the WHI study). 27 Recruiting subjects who were more than 10 years older than the median age for thyroid cancer diagnosis (50-year old) at enrollment could lead to an underestimation of the actual effects of weight change on thyroid cancer risk because of information bias, such as memory decay regarding one's weight at age 35 years. Although the previous 2 studies had many strengths based on their prospective cohort study designs, it could be difficult to generalize the results to the general population (the NIH-AARP Diet and Health Study recruited members of the American Association of Retired Persons, 5 and the WHI data included postmenopausal women). 27 The insignificant difference may also indicate insufficient statistical power, as the samples included fewer than 200 PTC patients. 28, 29 An increased risk of thyroid cancer was observed among subjects who reported a ''large'' body shape at 35 to 40 years, based on the ''lean'' body shape as the reference, in a cohort of 91,909 French women (HR, 1.48, 95% CI, 1.10-1.99). 30 The results were assessed according to self-evaluated body shape over the lifetime, 30 which may account for the influence of weight at middle age on PTC development.
The potential mechanism underlying the interplay of weight gain and PTC risk has not been established. Inflammation, oxidative stress, adipokines, and a depressed immune system can be potential mechanisms and mediating pathways of the relationship between excess weight and thyroid cancer. 24, 31 In addition, a high prevalence of insulin resistance among thyroid cancer patients was demonstrated, from which we y Conditional logistic regression models were adjusted for education (high-school graduation: yes, no, and unknown), marital status (single, married, and unknown), regular exercise (yes, no, and unknown), history of chronic diseases (diabetes, hypertension, and dyslipidemia), and ever pregnancy (yes, no, and unknown). can hypothesize that thyroid tumorigenesis can be stimulated by insulin and insulin-like growth factor 1 (IFG-1). 31, 32 Elevated thyroid stimulating hormone (TSH) levels and unregulated thyroid function in obese subjects 33 may accelerate PTC cells 34 and interrelate with other growth factors 35 and molecular alterations, such as BRAF mutations. 36, 37 Previous investigations have suggested that obesity is a potential inducer of PTC tall cell variants, 38 changes in iodine uptakes, more frequent mutations in BRAF (V600E) genes, and the transformation of a normal phenotype to a malignant one in thyroid cells or more aggressive forms of PTC. 38, 39 More evidence is needed to determine the precise mechanisms of the link between weight change during adulthood and PTC risk, particularly regarding the risk of PTC with a more aggressive tumor presentation.
In general, we found stronger associations between weight change and PTC risk in men than in women. Although the difference was not statistically significant, the associations between weight change and thyroid cancer in previous studies were more pronounced in men. 5, 29 This sex difference may be due to hormone dimorphism, and differences in body fat distribution and related metabolic consequences. 5, 31 The rising prevalence of overweight and obesity has been more striking in males than in females in Korea, 40 and the male PTC patients in our study presented more aggressive tumor features compared with the female patients, which may be 1 reason weight change had a more pronounced influence on the men than on the women. We observed different associations in the subgroups based on menopausal status. Menopause was related to total and abdominal adiposity, 41 and different profiles of circulating estrogens and changed hormonal balances in sex steroids can promote cell differentiation and proliferation in thyroid tumors. 31 Although there are inconsistent results regarding physical activity as an independent determinant of PTC, [42] [43] [44] [45] the reported inverse relationsships 44, 45 at least partially support the assumption that regular exercise can reduce the effects of weight gain on male PTC development. Further validation with longitudinal multicenter studies is warranted.
The first limitation of this study is the use of self-reported weight history information, which can introduce reporting errors and recall bias. 46 Reasonably high correlations between self-reported information and direct measurements were reported during adulthood, 47 and nondifferential misclassifications can affect the association toward the null. 48 We tried to y Conditional logistic regression models were adjusted for education (high-school graduation: yes, no, and unknown), marital status (single, married, and unknown), regular exercise (yes, no, and unknown), history of chronic diseases (diabetes, hypertension, and dyslipidemia), and ever pregnancy (yes, no, and unknown). minimize the potential for recall bias by using standardized protocols, comprehensive questionnaires, and trained interviewers. The second limitation pertains to the likelihood of increased PTC detection in people who are obese, have chronic diseases, and undergo relatively more frequent health check-ups at clinics. Although we cannot completely exclude the possibility of detection bias, we observed consistent ORs even after controlling these factors. The third limitation is that the PTC cases and controls came from 2 cohort studies. However, the source population of both cohort studies was the same and was derived from regions throughout Korea, and the basic protocol was the same for both studies; therefore, any errors in measuring exposure are likely to be similar for cases and controls. Although we did not include the residential area as a matching variable because we used deidentified data without each subjects' addresses, both the cases and controls came from regions throughout Korea. Finally, the lack of more detailed information about benign thyroid conditions, radiation exposure, and lifestyle variables could be a limitation, and may need to be considered as adjusting variables in multivariate models for the potential confounders.
Although there were inherent limitations related to the study's design and the results disagree with prior prospective literature, the first important strength of this study is its large number of thyroid cancer cases and matched controls. This large sample allowed us to conduct subgroup analyses for various indicators, such as age, sex, tumor size, and menopausal status, with the statistical power to determine associations. Second, while our study still contains potentially confounding residual issues, we aimed to collect comprehensive epidemiologic data based on a standardized protocol and clinicopathology information from reviews of the cases' medical charts. Third, in addition to the absolute value of weight change, we suggest that annual average changes in individuals' weight and obesity indicators can be considered potential indicators of PTC risk.
In summary, weight gain and an annual increase in obesity indicators in middle-aged adults have significant effects on PTC development. Our results indicate that the PTC risk increases with rapidly increased weight, BMI, BSA, and BF% compared with stable weight during the transition from middle-aged to late adulthood. In addition, the effects of increases in weight or obesity on the risk of developing PTC with a tumor size of 1 cm are evident, suggesting that environmental or nutritional factors, rather than improved screening strategies for small tumors, should be a focus. Postmenopausal women show increased PTC risks attributable to middle-aged weight gain, supporting the need for an intensive weight management. By considering modifiable aspects of weight change during adulthood, our results can provide important evidence for prioritizing the primary prevention of PTC in relation to weight gain and mid-life obesity.
